Codon usage biases are found in all eukaryotic and prokaryotic genomes and have been proposed to regulate different aspects of translation process. Codon optimality has been shown to regulate translation elongation speed in fungal systems, but its effect on translation elongation speed in animal systems is not clear. In this study, we used a Drosophila cell-free translation system to directly compare the velocity of mRNA translation elongation. Our results demonstrate that optimal synonymous codons speed up translation elongation while non-optimal codons slow down translation. In addition, codon usage regulates ribosome movement and stalling on mRNA during translation. Finally, we show that codon usage affects protein structure and function in vitro and in Drosophila cells. Together, these results suggest that the effect of codon usage on translation elongation speed is a conserved mechanism from fungi to animals that can affect protein folding in eukaryotic organisms.
INTRODUCTION
Due to the redundancy of triplet genetic codons, most amino acids can be encoded by two to six synonymous codons. Synonymous codons are not used with equal frequencies, a phenomenon called codon usage bias that is observed in all organisms (1) (2) (3) (4) . Selection for efficient and accurate translation was proposed to be a major cause of codon usage bias (5) (6) (7) (8) . On the other hand, studies using protein expression in Escherichia coli suggested that translation rate and synonymous codon usage can affect protein folding and functions (9) (10) (11) (12) (13) (14) (15) . Strongly supporting this hypothesis, we previously demonstrated that the codon usage of the Neurospora circadian clock gene, frequency (frq), is critical for the structure and function of FREQUENCY (FRQ) protein in vivo (8) . More recently, we showed that the codon usage plays a similar role for the Drosophila period gene in vivo (16) . Also importantly, these in vivo studies showed that codon usage influences protein structures in a location-specific manner. Consistent with this conclusion, bioinformatic analyses have revealed correlations between codon usage and protein structural motifs in different organisms (17) (18) (19) (20) (21) . Together, these studies led to the hypothesis that there is a codon usage 'code' within genetic codons that regulates translation elongation speed to permit optimal co-translational protein folding.
Most of these proposed roles of codon usage are based on its effect on translation elongation speed. However, earlier studies addressing this issue based on protein overexpression in E. coli and indirect measurement of ribosome movement led to conflicting conclusions (22) (23) (24) (25) . Moreover, ribosome profiling, a powerful method that uses deep sequencing of the ribosome-protected fragments (RPF), initially found no correlations between codon usage and levels of RPF in different organisms (25) (26) (27) (28) (29) . Ribosome profiling results are now known to be influenced by experimental conditions, sequencing depth, cloning/sequencing biases and the bioinformatic methods used (30) (31) (32) (33) (34) . Furthermore, ribosome profiling relies on precise enzymatic 5 end cleavage of the RPF to allow accurate A site determination, which are often difficult due to digestion biases and different experimental conditions (35) . These results suggest that although ribosome profiling has codon-level resolution, it might not have codon-level sensitivity to detect the effect of codon usage on translation elongation speed.
It should be noted that although the implicated role of codon usage in regulating protein expression levels led to the hypothesis that codon usage impacts protein expression levels by affecting translation efficiency (36) (37) (38) (39) , a role for codon usage in translation elongation speed does not necessarily affect translation efficiency. In fact, recent studies suggest that translation efficiency is mainly determined by the efficiency of translation initiation, a process that is mostly affected by RNA structure but not codon usage near the start codon (40) (41) (42) . In the current study, we only focus on the role of codon usage in regulating translation elongation speed.
To determine the effect of codon usage on translation elongation speed, we previously used Neurospora and yeast in vitro translation systems to directly monitor the speed of protein translation elongation (43) . Our results demonstrate that codon usage plays an important role in regulating translation elongation speed on mRNA in vitro and in vivo in these fungal systems. However, the effect of codon usage on translation elongation rate in animal systems is still not known. Although single synonymous SNPs in human genes have been shown to associate with altered protein conformation and function (44, 45) , there is no clear evidence showing that these SNPs regulate translation elongation. In addition, although codon manipulation has also been shown to affect KRas expression and oncogenesis in mice, the role of codon usage in regulating gene expression in mammalian cells can also be explained by difference in GC contents in genes (46) (47) (48) (49) . More recently, we demonstrated that the codon usage of Drosophila Period gene is important for protein structure and function in vivo (16) . These results raise the possibility that codon usage is a conserved mechanism from fungi to animals that influences translation elongation speed.
Similar to mammals and Neurospora, the Drosophila melanogaster genome has a strong codon bias for G/C at the wobble positions (5, 8, (50) (51) (52) . Changing codon usage of Drosophila genes is known to alter protein expression levels (16, 53) but the mechanism of such an effect is not clear. In addition, codon optimality was also suggested to play a potential role in splicing regulation in Drosophila (54) . Previous ribosome profiling using Drosophila cells could not allow robust A site assignment due to enzyme cleavage biases (35) . In this study, we used Drosophila in vitro translation system to determine the effect of codon usage on translation elongation. Our results demonstrate that codon usage affects translation elongation speed and local ribosome movement on mRNA. In addition, we show that codon usage influences protein structure and activity in vitro and in Drosophila cells. Together, our results suggest that the effect of codon usage on translation elongation is a conserved mechanism regulating protein structure and function from fungi to animals.
MATERIALS AND METHODS

Cell culture and preparation of S2 cell-free translation extract
The preparation of translation extract was modified from a protocol previously described (55) . Drosophila Schneider 2(S2) cells (kindly provided by Dr Jin Jiang) were cultured in Schneider's Drosophila Medium (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (Sigma) and 1% penicillin-streptomycin (10 000 units penicillin and 10 mg streptomycin/ml, Sigma) at 27
• C. After reaching confluence, S2 were harvested by centrifugation at 1000 × g for 4 min and washed by 1 × phosphate bufferedsaline for three times. Cell pellets were resuspended in 2× volumes of hypotonic buffer (10 mM HEPES-KOH pH 7.6, 10 mM potassium acetate, 0.5 mM magnesium acetate, 5 mM Dithiothreitol) and incubated on ice for 40 min to 1 h. Cells were then homogenized in a Dounce homogenizer by 20-30 strokes on ice and the final concentration of potassium acetate was adjusted to 50 mM. The cell extract was centrifuged at 16 000 × g for 10 min at 4
• C. The supernatant was aliquoted, snap frozen in liquid nitrogen and stored at −80
• C before use.
Plasmid construction
OPT and dOPT luciferase constructs were designed based on the Drosophila codon usage table (http://www.kazusa.or. jp/codon/cgi-bin/showcodon.cgi?species=7227). Except for the first 10 codons, all other codons are either the most preferred or the least preferred codons in the OPT or dOPT construct, respectively. Gene synthesis was carried out by Genescript and the resulting genes were cloned into pJI 204 vector containing a T7 promoter and 30-nt poly-A sequence (56) . The pJI 204 vector was modified to include a NheI site following the poly-A sequence to enable plasmid linearization for in vitro transcription and a 5 c-Myc tag at the N terminus to allow detection of nascent peptides. N-OPT, M-OPT and C-OPT constructs were created by replacing the N-terminal part (codon 11-223, count from the first ATG of luciferase gene), middle part (codon 224-423) and C-terminal part (codon 424-550) of dOPT sequence with the corresponding optimized sequence, respectively. Constructs for S2 cell expression were created by cloning different versions of luciferase sequences into pUAST vector using NotI/XbaI sites. The pUAST vector and an ubiquitinGal4 construct for co-transfection were kindly provided by Dr Jin Jiang. The sequence information of different luciferase genes used in this study are provided in the supplemental information.
In vitro transcription assay
To obtain mRNA for in vitro translation, the plasmids were linearized by NheI and then transcribed using HiScribe T7 Quick High Yield RNA Synthesis Kit (NEB). 3 -0-Me-m7G (5 )ppp (5 )G anti-reverse cap structure analog (NEB) was added following the manufacturer's instruction. The mRNA products were subsequently purified by LiCl precipitation, quantified by Nanodrop (Thermo Scientific), aliquoted and stored at −80
• C before use. Denaturing agarose gel electrophoresis was used to determine the quality of the mRNA products.
Cell-free translation assay
To monitor the kinetics of luciferase activity in real time, a reaction mixture (20 mM HEPES-KOH pH 7.6, 0.5 mM spermidine, 8 mM creatine phosphate, 0.2 mM GTP, 1 mM ATP, 20 M complete amino acids [Promega], 100 mM potassium acetate, 1 mM magnesium acetate, 0.13U/l creatine phosphate kinase, 50 M luciferin, 0.2U/l SUPERase•In RNase Inhibitor [Invitrogen], 3 l total volume per reaction) was prepared and aliquoted into 96-well plate. A total of 1 l of the mRNA template (∼60-180 ng) and 8 l cell-free translation extract were successively added to the reaction mixture. Afterward, the luminescence signal of the reaction was recorded every 30 s using FLUOstar Optima (BMG) at 26
• C. The concentrations of potassium acetate and magnesium acetate in the reaction mixture were optimized for different batches of cell-free translation extracts.
To examine the protein products of the cell-free translation assays, the reactions were incubated in a 26
• C water bath and stopped at the indicated time points by adding sodium dodecyl sulphate (SDS) sample buffer, followed immediately by heating at 90
• C. The samples were subsequently denatured and analyzed by western blot.
For the harringtonine chase experiment, 20 ng/ml harringtonine was added to in vitro translation assay after 6 min of reaction to inhibit translation initiation. Afterward, the reaction mixture was withdrawn at the indicated time points and subjected to western blot analysis.
Isolation of ribosome-associate nascent chains
The method was modified from previously described (57) . In vitro translation reaction was terminated at 15 min by adding cycloheximide to a final concentration of 0.5 mg/ml. Translation products are carefully layered on top of sucrose cushion (0.5M sucrose, 25 mM HEPES, pH 7.5, 80 mM KOAc, 1 mM Mg(OAc) 2 ) and then centrifuged in a TL 100.3 rotor (Beckman Coulter) at 100 000 rpm for 5 min at 4
• C. The ribosomal pellets are washed once with 25 mM 
S2 cell transfection
S2 cell transfection was carried out following the standard calcium phosphate transfection protocol in six-well plates. A total of 1.5 g luciferase construct and 1.5 g ubiquitinGal4 construct were co-transfected for each transfection. Cells were harvested 48-60 h afterward and lysed in 1× Passive Lysis Buffer (Promega) according to the manufacturer's instruction. Cell lysate was obtained by centrifugation at top speed for 1 min at 4
• C and stored at −80 • C. To determine Luc mRNA stability, 10 g/ml actinomycin D was added to stop transcription and cell samples were collected at indicated time points for RNA purification. Purified RNA samples were examined by northern blot analysis to determine Luc mRNA levels.
Limited trypsin digestion assay
For trypsin digestion of in vitro translated protein products, 0.5 mg/ml cycloheximide was added to terminate reaction after 20 min of in vitro translation. A total of 5 g/ml trypsin was then added to the reaction and samples were withdrawn at indicated time points for western blot analysis. For trypsin digestion of S2 cell extract, total cell extract was used. Total protein concentrations of each sample was adjusted to 1 g/l. The trypsin digestion was carried out at 26
• C by adding 300 ng/ml trypsin. Digestion products were withdrawn from the reaction at indicated time points and the denatured protein samples were analyzed by western blot.
RESULTS
Optimal codons speed up translation elongation while nonoptimal codons slow it down in Drosophila cell-free system
To determine the role of codon usage on translation elongation speed, we established a cell-free translation system using Drosophila S2 cells to compare translation speeds of firefly luciferase (Luc) mRNAs with different codon preferences. All Luc mRNAs have identical 5 and 3 untranslated regions (UTR) and the same poly-A length. The first ten codons of the Luc open reading frame were also identical in these mRNAs to ensure the same translation initiation context. The use of the cell-free system allows the separation of transcription and translation processes so that translation can be synchronized. Because luciferase is known to be rapidly folded (within a few seconds) after translation (58), the time when luminescence signal is first detected after start of translation (time of first appearance (TFA)) should reflect the speed of translation process. Because different Luc mRNAs have the same translation initiation context, the difference in TFA values should mainly reflect the difference in translation elongation speed of different Luc mRNAs.
We first generated two Luc mRNAs by in vitro transcription: OPT (the entire Luc ORF codon optimized according to the Drosophila codon usage table) and dOPT (the least preferred codon is used for every amino acid). Afterward, they were separately translated in the S2 translation extracts supplemented with luciferin and luciferase activity was monitored in real-time. As shown in Figure 1A and B, the TFA of the OPT mRNA was ∼4 min earlier than that of the dOPT mRNA. To confirm this result, we performed Western blot analysis using a luciferase antibody to detect the production of full-length luciferase protein at different time points ( Figure 1C and Supplementary Figure S1 ). As expected, the appearance of full-length luciferase for the OPT mRNA was also about 4 min earlier than that of the dOPT mRNA. It should be noted that the cell-free translation extract contained endogenous mRNA from S2 cells and could compete with luciferase mRNA for translation. By determining the total level of mRNA, we estimated that the luciferase mRNA added in the reaction is about 1-2% of total mRNA.
To determine whether the effect observed is due to accumulative effect of codon usage along the ORF and not due to change of a specific mRNA structure, we generated three additional Luc mRNAs based on the dOPT mRNA. In the N-OPT, M-OPT and C-OPT mRNAs, the N-terminal region (codons 11-223), middle region (codons 224-423) and C-terminal region (codons 424-550) of the luciferase ORF was replaced by preferred codons, respectively. If the effect we observed above is due to change of mRNA structure at a specific location, one of these Luc mRNAs should have the same TFA as the OPT mRNA and the other two Luc mRNAs should be similar to the dOPT mRNA. Instead, we found that the TFA values of the N-OPT, M-OPT and C-OPT mRNAs were all significantly higher than that of the OPT mRNA but lower than that of the dOPT mRNA ( Figure 1D and E). These results suggest that codon usage regulates the speed of translation elongation. In addition, the effect of codon usage on elongation rate is due to cumulative effects of codon usage in the coding sequence rather than changes in specific RNA structure.
Codon usage influences local ribosome stalling on mRNA
To further determine the effect of codon usage on ribosome movement on mRNA, we generated Luc mRNAs in which the luciferase protein is tagged by five consecutive cMyc tags at the N-terminus so that nascent luciferase peptides can be detected by Western blot analysis using a c-Myc monoclonal antibody. After 15 min of translation in the S2 system, the production of luciferase protein from different mRNAs was examined by western blot analysis. Translation of the OPT and dOPT mRNAs resulted in dramatically different profiles of nascent luciferase peptides (Figure 2A the OPT luciferase gene were replaced by the least preferred codons in a series of 20 codon-windows, luciferase intermediates corresponding to the predicted molecular sizes appeared in the in vitro translated luciferase products (Figure 2B) . Together, these results further demonstrate the role of codon usage in regulating elongation speed and show that codon usage regulates local ribosome movement on mRNA. Preferred codons speed up ribosome movement on mRNA and non-optimal codons cause ribosome stalling on mRNA.
To determine the fate of stalled ribosomes on mRNA, we added harringtonine, a translation initiation inhibitor, 6 min after the start of translation of the OPT mRNA and the translation of luciferase was monitored at different time points by western blot analysis. At 6 min of translation, only luciferase intermediates were observed ( Figure 2C) . After the addition of harringtonine, the luciferase intermediates gradually disappeared or reduced and the full-length luciferase appeared. In addition, by isolation of ribosomeassociate nascent chains, we found that in contrast to the full-length protein, these low molecular weight luciferase species were mostly associated with the ribosomes (Supplementary Figure S2 ). Furthermore, these species are not degradation products of the full-length protein since the in vitro translated luciferase protein species were very stable (Supplementary Figure S3) . Together, these results indicate that the low molecular weight luciferase species are nascent peptides associated with paused ribosomes that can continue to translate after temporary pausing on mRNA.
Codon usage affects protein structure in vitro and in S2 cells
Since protein folds co-translationally, we predicted that the effect of codon usage on translation elongation speed should affect the time available for co-translational folding process, thus affecting protein structure. To test this hypothesis, we used limited trypsin digestion assay to probe the structural difference of the full-length luciferase proteins produced from OPT and dOPT Luc mRNAs by in vitro translation. As shown in Figure 3A , the OPT luciferase protein was found to be significantly more sensitive to trypsin Nucleic Acids Research, 2017, Vol. 45, No. 14 8489 In vitro digestion than the dOPT protein. To further confirm this conclusion in vivo, OPT and dOPT luciferase expressing constructs were individually transfected into S2 cells and we examined the trypsin sensitivity of the expressed luciferase in the S2 total cell extract. As expected, the S2 cell-expressed full-length OPT luciferase was found to be more sensitive to trypsin digestion than the dOPT protein ( Figure 3B ). It is worth noting that no luciferase intermediates could be observed for the S2 expressed luciferase, likely due to their rapid degradation in cells. Importantly, the trypsin digestion of the full-length OPT luciferase resulted in luciferase fragments that could not be detected for the digestion of dOPT protein ( Figure 3B ). Together, these in vitro and in vivo results indicate that codon usage affects protein structure.
Codon usage affects protein activity and mRNA stability in cells
The altered luciferase structure shown above suggests that codon usage may affect luciferase activity in cells. To confirm this, we transfected OPT and dOPT Luc constructs into S2 cells and measured luciferase activity and luciferase protein levels. As shown in Figure 4A and B, although the luciferase activity from cells expressing dOPT Luc was about 50% of the OPT Luc, the luciferase protein level from the OPT Luc was more than 20-fold higher than that of dOPT Luc. Thus, the specific activity of dOPT luciferase is about 10-fold of that of OPT luciferase ( Figure 4C ). Thus, codon usage of luciferase mRNA greatly affects luciferase activity in Drosophila cells.
In addition to the difference in protein levels, the level of OPT Luc mRNA was much higher than that of the dOPT mRNA ( Figure 4D ), which largely explains the low level of luciferase protein in cells expressing dOPT construct. To determine whether the difference in mRNA levels is due to altered mRNA stability, we measured mRNA degradation rate after the addition of actinomycin D, a transcription inhibitor. As expected, the OPT Luc mRNA was significantly more stable than the dOPT mRNA after adding actinomycin D (Figure 4E and F) . Therefore, similar to the reports in other organisms (59) (60) (61) (62) (63) , codon usage also affects mRNA stability.
DISCUSSION
Although codon usage has been previously shown to regulate co-translational protein folding in fungi by affecting translation elongation speed, its effect in animal systems is not known. By using a cell-free Drosophila S2 translation system, we demonstrated here that codon usage plays an important role in regulating the speed of translation elongation: optimal codons enhance the rate of elongation while non-optimal codons slows it down (Figure 1 ). In addition, as shown by the accumulation of nascent intermediate peptides during translation (Figure 2) , we showed that ribosome stalling occurs at the sites of non-optimal codons, indicating that codon usage regulates local ribosome movement speed on mRNA. Furthermore, we showed in vitro and in S2 cells that different codon usage biases led to structural differences of proteins with the same amino acid sequence, resulting in proteins with different functional activity (Figures 3-4) . Together with our previous study showing the importance of codon usage for the function of a circadian clock protein in Drosophila (16), these results demonstrate that the role of codon usage in regulating protein structure and function by affecting translation elongation speed is conserved in fungi and Drosophila.
Bioinformatic analyses have uncovered correlations between codon usage and protein structural motifs in different fungal organisms (17) (18) (19) (20) (21) . In addition, we recently showed that non-optimal codons are preferentially used in intrinsically disordered regions, and optimal codons are more frequently used in structured domains in yeast, Neurospora, Caenorhabditis elegans and Drosophila systems (20) . Importantly, the functional importance of such correlations in vivo was confirmed by structure-based codon manipulation in the Neurospora and Drosophila circadian clock genes (16, 20) . Together with our current study, these studies suggest the existence of a codon usage code within genetic codons that generates rhythms of translation elongation rate optimal for protein structure and function in eukaryotic organisms. Recently, codon optimality has been shown to affect mRNA stability due to its role in affecting translation elon-gation in budding yeast (59, 63) . A similar role for codon usage was also proposed in zebrafish and Xenopus systems (61, 62) . Consistent with these studies, we showed that codon usage manipulation of the luciferase gene altered Luc mRNA stability in Drosophila cells ( Figure 4E and F) . Therefore, codon usage may also affect mRNA stability due to its role in regulating translation elongation rate in animals.
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